Tumor suppressor p53 is known to activate certain sets of genes while suppressing others. However, whether p53 can both activate and suppress the same gene is unclear. To address this question, concentrationdependent p53 effect on manganese superoxide dismutase (MnSOD) gene was investigated. By transfecting p53 in PC-3 cell, we demonstrate that low concentrations of p53 increase while high concentrations suppress MnSOD expression. The physiological relevance of this effect was determined in-vitro and in-vivo using combined UVB-mediated activation and siRNA-mediated suppression of p53. Results were consistent with the bi-directional effect of p53 on MnSOD expression. MnSODpromoter/enhancer analysis demonstrates that p53 is suppressive to the promoter activity regardless of the presence or absence of putative p53 binding sites. However, low level of p53 increases MnSOD gene transcription in the presence of the intronicenhancer element and this effect is dependent on nuclear-factor kappa-B (NF-κB) binding sites. Expression of p53 enhances nuclear levels of p65 with corresponding increase in the DNA-binding activity of NF-κB as detected by electrophoretic mobility shift and chromatin-immunoprecipitation assays. Transfection of p65 siRNA reduces the positive effect of p53 on MnSOD gene transcription. These data suggest that p65 can overcome the negative effect of p53 on MnSOD expression. However, when the level of p53 was further increased, the suppressive effect of p53 outweighed the positive effect of p65 and led to the suppression of MnSOD gene transcription. These results demonstrated that p53 can both suppress and induce MnSOD expression depending on the balance of promoter and enhancer binding transcription factors.
The tumor suppressor protein, p53, can function as a transcription factor through a sequence specific DNA-binding or a sequence non-specific mechanism (1, 2) . p53 recognizes a specific DNA consensus sequence consisting of two copies of a 10-basepair (bp) p53-response motif that are separated by 0 to 13 bp. The two copies of this 10-bp motif are occupied by two p53 dimers of a tetramaric protein leading to transactivation of p53 target genes (3) . In addition, p53 can also repress a wide variety of cellular and viral genes that lacks p53 consensus binding sites (4, 5) . The molecular basis for such transcriptional regulation by p53 is poorly understood. p53 can repress its target genes by two mechanisms. First, p53 can block the access of other transcription factors to the transcription machinery through protein-protein interactions in the absence of direct DNA binding (6) . Second, p53 represses transcription of target genes by binding to the DNA-binding site, which overlaps with the binding site of another transactivator protein (7) . For instance, p53-mediated repression of the α-fetoprotein gene occurs by the displacement of an adjacent overlapping transcription factor, hepatocyte nuclear factor-3 (8) . p53 suppresses the expression of the human manganese superoxide (MnSOD) gene by interfering with the binding of Specificity protein 1 (Sp1) (9) .
Typical p53 target genes are involved in the regulation of cell growth, DNA repair and apoptosis (10) . However, recent studies have also shown that p53 target genes are potentially involved in the control of other cell functions, including muscle differentiation by regulating phospho-glycerate mutase (11) , extracellular matrix production by regulating plasminogen activator inhibitor-1 (12) , membrane protein trafficking by regulating caveolin and oxidative stress response through glutathione peroxidase (13) , cystathionine-β-synthase (14) , and superoxide dismutase (15) .
Studies have shown that p53 can exhibit both pro-oxidant and anti-oxidant properties mediated by modulating the expression of pro-and antiapoptotic genes or directly by acting on the mitochondria and modulating mitochondrial integrity. As a transcription factor, p53 can participate in the modulation of reactive oxygen species (ROS) in a number of ways, (16) including the following: 1) induction of ROS generating enzymes, such as quinine oxidoreductases (NQO1) and proline oxidase (POX); 2) induction of genes involved in mitochondrial injury, including Bax, PUMA, and p66
SHC that create oxidative stress; 3) induction of ferredoxin reductase, an enzyme that transfers electrons from NADPH to cytochrome P450 via ferredoxin in mitochondria; and 4) upregulation of antioxidant enzymes such as the microsomal glutathione transferase homologue and aldehyde dehydrogenase 4, mammalian sestrin homologues which encode anti-oxidant modulators of peroxiredoxins, and GPX1, a major peroxide removal enzyme. However, while the transcriptional modification of distinct pro-and anti-oxidant proteins by p53 may contribute to the pro-oxidant and anti-oxidant function of p53, none of these proteins are known to be able to mediate both the pro-and anti-oxidant functions of p53. Studies by us and others suggest a contradictory role of p53 in the transcription of MnSOD. In an early study, Drane et al. reported that over-expression of p53 suppresses MnSOD transcription and that the level of MnSOD increased in the absence of p53 (17) . We have subsequently confirmed this finding and extended it to demonstrate the p53 suppresses the expression of MnSOD by complexing with Sp1 and decreasing its binding to the MnSOD promoter (9) . However, Hussain et al. reported that increased expression of p53, using a tetracycline (tet)-regulated expression system, induces the transcription of MnSOD via a putative p53 binding site in a far upstream region from the transcriptional start site (18) .
Thus, while the above reports demonstrate a seemingly contradictory role of p53 on MnSOD transcription, it is possible to envision that positive and negative regulation of MnSOD may represent a unique link between the observed pro-and anti-oxidant functions of p53. Therefore, it is possible that depending on the stress levels, p53 may activate MnSOD as an adaptive response to mild stress condition. However, when the stress intensity or damage level is beyond repair, p53 executes a cell death program in part by suppressing MnSOD. In this study we assess the potential for the bidirectional effects of p53 on MnSOD expression under stress conditions and investigate the mechanisms mediating the observed effects of p53 on MnSOD expression. Our results demonstrate for the first time that p53 exerts a positive or negative effect on a single gene depending on the levels of Sp1 and NF-κB.
EXPERIMENTAL PROCEDURE
Cell Culture-PC-3 (p53-/-) cells were purchased from American Type Culture Collection (Manassas, VA) and grown in RPMI 1640 media supplemented with 10% fetal bovine serum (FBS; Hyclone Inc., Logan, UT), 1% penicillin-streptomycin-neomycin (PSN), 1% sodium pyrubate, 1% non-essential amino-acid mixture and 1% vitamin mixture (Invitrogen, Carlsbad, CA). The mouse skin epithelial cell line was originally provided by Dr. Nancy H. Colburn at the National Cancer Institute (Frederick, MD) and maintained and cultured in Modified Eagle's Medium (MEM) supplemented with 10% FBS, 200 μM L-glutamine, and 1% PSN (Invitrogen). Both cells were grown in 5% CO 2 at 37ºC.
Reagents-Unless otherwise stated, all
antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The anti-β-actin monoclonal antibody was purchased from Sigma (St. Louis, MO). Rabbit polyclonal MnSOD antibody and GAPDH antibody were purchased from Upstate Biotechnologies (Lake Placid, NY). The p53 and p65 expression vectors were kindly provided by Dr. Yi Sun (University of Michigan) and Dr. Vivek Rangnekar (University of Kentucky), respectively. All siRNAs were purchased from Santa Cruz Biotechnology.
Transient Transfection-Cells were grown for 24 h with no antibiotics to obtain 70-80% confluence. The cells were then transfected with plasmids following a Lipofectamin® transfection protocol as directed by the manufacturer. Cells were transfected with various concentration of pcDNA3.1/p53 (equilibrated to the same amount of DNA by adding pcDNA3.1 vector) or pcDNA3.1 (-p53) vector alone as a control. Twenty-four hours after transfection, the cells were washed twice with phosphate buffered saline (PBS) and incubated in fresh medium for another 24 h. Cells were then processed for nuclear extract or whole cell lysate preparation. Similarly, siRNAs were transfected using Transfectin® (Santa Cruz) according to the manufacturer's protocol. Cells were exposed to the siRNA for 72 h. The siRNA sequences targeting p53 gene silencing were as follows: strand 1, sense 5´-GAGUCACAGUCGGAUAUCAtt-3´, antisense 5´-UGAUGGUAAGGAUAGGUCGTT-3´;  strand  2,  sense  5´-CGACCUAUCCUUACCAUCCAtt-3´,  antisense 5´-UGAUGGUAAGGAUAGGUCGTT-3´;  strand  3,  sense  5´-CAGCUUUGAGGUUCGUGUUtt-3´,  antisense 5´-AACACGAACCUCAAAGCUGTT-3´;  strand  4,  sense  5´-GUUGGGGAAUAGGUUGAUAtt-3´, antisense 5´-UAUCAACCUAUUCCCCAACTT-3´. The siRNA sequence targeting NF-κB p65 gene silencing was as follows: sense strand, 5´-GCCCUAUCCCUUUACGUC-3´, anti-sense 5´-GACGUAAAGGGAUAGGGC-3´.The siRNA (ON-TARGET plus SMART pool TM ) for MnSOD gene silencing was purchased from Dharmacon (Thermo Scientific, USA). The control siRNA used in this study were the pool of three different non-targeted small RNA fragments.
Promoter constructs and Luciferase Assay-
The original promoter and enhancer-reporter constructs were prepared in our laboratory as described previously (19, 20) . For reporter gene activity, a luciferase assay was performed by cotransfecting the cells with the p53 expression vector and vector containing the enhancer (I 2 E) and the promoter (-3400/+24, -555/+24 or -210/+24) of the human MnSOD gene in the pGL 3 reporter vector. β-Gal containing luciferase cDNA was also co-transfected with the firefly luciferase reporter vector as an internal control at a tenth the concentration. Twelve hours after transfection, the cells were washed twice with PBS and incubated in fresh medium. Another 12 h later, transfected cells were trypsinized and replated in a 12-well plate at a density of 1.5 x 10 5 cells per well. After an additional 24 h, cells were lysed in passive lysis buffer, cell lysates were collected, and the samples were analyzed by the luciferase reporter assay system, in accordance with the manufacturer's instructions, in a TD-20/20 luminometer.
p53-Tet-on stable clone-p53 cDNA was inserted into the pTRE-tet-on expression vector and stably transfected into PC-3 cells following a Lipofectamin transfection protocol. The tet-on positive clones were screened based on the induction ability of the reporter gene activity upon Doxycycline treatment. Positive clones were propagated and used for the experiment.
Nuclear Extract Preparation-Nuclei were isolated from cells as follows. Briefly, cells was collected and centrifuged at 100 x g for 2 min at 4ºC to obtain a cell pellet. Cell pellets were then re-suspended in buffer A containing 10 mM HEPES (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol (DTT), and 0.2 mM phenylmethylsulfonyl fluoride (PMSF) plus protease inhibitors (pepstatin, aprotinin, leupeptin) at a concentration of 1 μg/mL. The phosphatase inhibitors NaF (5 mM) and Na 3 VO 4 (1 mM) were also included. The cell suspension was incubated on ice for 15 min. Then 12.5 μl of 10% Nonidet P-40 was added and the mixture was vigorously vortexed for 15 sec. The cytoplasmic and nuclear fractions were separated by centrifugation at 17,000 x g at 4°C for 30 sec. Subsequently, the nuclear pellets were re-suspended in buffer B containing 20 mM HEPES (pH 7.9), 1.5 mM MgCl 2 , 420 mM NaCl, 0.2 mM EDTA, 35% glycerol, 0.5 mM DTT, 0.2 mM PMSF, and protease inhibitors (pepstatin, aprotinin, leupeptin) at a concentration of 1 μg/ml, followed by a 20 min incubation on ice. Nuclear proteins in the supernatant fraction were collected by centrifugation at 14,000 x g at 4ºC for 2 min.
Western Analysis-Proteins were analyzed by Western blotting. Samples were boiled with 1 x Laemmli buffer and subjected to 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and transferred to a nitrocellulose membrane. The transfer efficiency was assessed by incubation with 0.1% Ponceau solution. The membrane was washed with distilled water until the dye disappeared completely. The membranes were then blocked with 5% nonfat dried milk in a Tris-buffered saline Tween-20 (TBS-T; 10 mM Tris-HCl, pH 7.8, 150 mM NaCl, and 0.05% [v/v] Tween 20) buffer pH (7.8) for at least 1 h at room temperature. After a short wash with TBS-T buffer, the membranes were incubated in the primary antibody for at least 2 h at room temperature or overnight at 4ºC. The primary antibodies were diluted in TBS-T buffer containing 5% nonfat dried milk at a dilution range of 1,000 to 5,000. The membranes were then washed three times, each for 10 min with TBS-T. The membranes were incubated with the secondary antibody at a dilution range of 2,000 to 10,000 for 1 to 2 h at room temperature. The membranes were washed twice with TBS-T buffer for 10 min and once with PBS for 5 min. Proteins were detected using the enhanced chemi-luminescence detection system (ECL®, Amersham Biosciences). The Quantity One® Image Analyzer software program (Bio-Rad) was used for quantitative densitometric analysis.
RNA isolation, cDNA synthesis and reverse transcription PCR-Total RNA was isolated using TRIzol reagent (Invitrogen), according to the manufacturer's protocol. Briefly, the cells were suspended in 1 ml of TRIzol reagent and incubated at room temperature for 15 min. Chloroform (0.2 ml) was added to the sample, vortexed and then incubated at room temperature for 10 min. The RNA containing aqueous phase was extracted after centrifugation at 12,000 x g for 15 min at 4°C. RNA was precipitated with isopropyl alcohol and the pellet was washed with 70% ethanol and air dried. RNA samples having an A260:A280 ratios of 18.0 ± 0.5 were used for reverse transcription (RT)-polymerase chain reaction (PCR). cDNA was generated using 0.4 µg of total RNA, oligo (dT) primer and Moloney murine leukemia virus reverse transcriptase, according to the manufacturer's instructions (RT-for-PCR kit, Clontech Laboratories Mountain View, CA), in a total volume of 20 µl. Two microliters of cDNA were amplified using primer sets for MnSOD and GAPDH (primer sequences are available upon request). PCR products were separated on an agarose gel and visualized by ethidium bromide.
Real-time PCR-Real-time PCR was performed with a Light Cycle System (Roche Diagnostics, Indiana) according to the manufacturer's protocol. Two microliters of cDNA were amplified using the primer sets for MnSOD and GAPDH (primer sequences are available upon request).
Electrophoretic Mobility Shift Assay (EMSA)-
The consensus double-stranded oligonucleotides of the NF-κB sequence (5'-AGTTGAGGGGACTTTCCCAGGC-3') and Sp1 sequence (5'-ATTCGATCGGGGCGGGGCGAGC-3'; Promega, Madison, WI) were radioactively labeled with [ -32 P]ATP and T 4 polynucleotide kinase. The probes were purified on 20% native polyacrylamide gel and eluted in 600 µl of TE buffer (pH 7.4) containing 10 mM Tris HCl and 1 mM EDTA. The activity of the radiolabeled probes was counted and the labeled probes were stored at -80°C. Probes were used within two weeks after preparation. In each reaction, 5 µg of nuclear protein and 6 µl of 5x binding buffer containing 20% glycerol (v/v), 5 mM MgCl 2 , 2.5 mM EDTA, 5 mM dithiothreitol, 50 mM Tris-HCl (pH 7.5), 0.25 mg/ml poly(dI-dC), and 50,000 cpm of the radiolabeled probe were used. Samples were incubated for 20 min at room temperature. To determine the components of the complex bound to the consensus element, super shift experiments were performed by adding 1 µg of the primary antibody to the binding reaction and extending the incubation to 1 h at room temperature. DNA-protein complexes were separated from unbound probes on 6% polyacrylamide native gel.
ChIP Assays-One million PC-3 cells were grown on a 10-cm dish for 24 h followed by transfection with the p53 expression vector for 48 h. Histone to DNA cross-linking was performed as described previously (21) by adding formaldehyde directly to the culture media to a final concentration of 1%. Cells were then washed twice using ice-cold PBS containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride (PMSF), 1 µg/ml aprotinin, and 1 µg/ml pepstatin). Cells were pelleted by centrifuging at 2000 x g for 4 min at 4°C and resuspended in protease inhibitor containing SDS lysis buffer (50 mM Tris-HCl (pH 8.1), 10 mM EDTA, and 1% SDS). Crossedlinked chromatin was sonicated on ice to shear DNA to lengths between 200 to 1000 bp. Sonicated cross-linked chromatin was centrifuged at 13,000 x g for 10 min to remove the insoluble materials. The protein concentration of the supernatant was estimated. An equal amount of soluble chromatin from each sample was then diluted 10-fold in ChIP dilution buffer (16.7 mM Tris, 167 mM NaCl, 1.1% Triton X-100, and 0.01% SDS). The diluted soluble chromatin fraction was precleaned by 20 µl of salmon sperm DNA/protein A-agarose beads. Pre-cleaned chromatin was mixed with the appropriate antibodies (2 µg of p65 [Santa Cruz] and 2 µg of Sp1 [Santa Cruz]). A parallel pre-immune control precipitation was performed using normal IgG. Antibodies and chromatin were allowed to mix and were rotated overnight at 4°C and precipitated with the appropriate amounts of (60 µl) salmon sperm DNA/protein A-agarose slurry for 2 h at 4°C with rotation to collect the antibody/chromatin complex. Beads were then washed by rotation at 4°C with 1 ml of buffer in the following order of washing: low salt immune complexes wash buffer (20 mM Tris-HCl (pH 8.1), 150 mM NaCl, 2 mM EDTA, 1%Triton X-100, 1% SDS), high salt immune complex wash buffer (20 mM Tris-HCl (pH 8.1), 500 mM NaCl, 2 mM EDTA, 1%Triton X-100, 1% SDS), LiCl immune complex wash buffer (10 mM Tris-HCl (pH 8.1), 0.25 mM LiCl, 1% deoxycholate, 1% Nonidet P-40, 0.1% SDS), followed by two washes with TE buffer (10 mM Tris-HCl (pH 8.1), 1 mM EDTA (pH 8.1)). Precipitated immuno-complexes were eluted twice for 15 min each at room temperature with 250 µl of elution buffer (1% SDS, 0.1 M NaHCO 3 ). Reversal of cross-linking was performed by heating the elution mixture at 65°C for 4 h in the presence of 20 µl of 5 M NaCl. Proteins were digested with proteinase K by incubating for 1 h at 45°C in the presence of EDTA. DNA was then recovered by phenol: chloroform extraction and ethanol precipitation followed by resuspension in nuclease-free water for PCR amplification. Immunoprecipitated DNA was analyzed by PCR amplification. For amplification of enhancer (1742-2083) elements of the MnSOD gene, the primer sets were: 5'-CGGGGTTATGAAATTTGTTGAGTA-3' (forward primer, +1742) and 5'-CCACAAGTAAAGGACTGAAATTAA-3' (reverse primer, +2083) and for -154 to +6 the primers were 5'-ACAGGCACGCAGGGCACCCCCGGGGTT-3'
(forward primer, -154) and 5'-TCCTGCGCCGCCCGCGGGGCCTTAAGAA A-3' (reverse primer, -6). Amplified PCR products were subjected to 1% agarose gel electrophoresis and visualized by ethidium bromide staining.
MnSOD activity assay-MnSOD activity was measured in PC-3 cell homogenate by nitoblue tetrazolium reduction using xanthine and xanthine oxidase for superoxide generation, as described previously (21) .
TUNEL assay-Tunel assay was performed as described previously (22) . PC-3 cells were plated (1 X 10 4 ) in an 8-chambered polystyrene vessel tissue culture-treated glass slide (BD Biosciences, USA) in 400 μl of medium, and the cells were grown for 24 h. Cells were transfected with si-RNAs and for 48 h and then treated with UVB at a dose of 50 mJ/cm 2 . After 24 h, the apoptotic cells were detected by using terminal deoxynucleotidyltransferase (In situ Cell Death Detection Kit, Fluorescein; Roche Applied Science) assay kit, which catalyzes polymerization of leveled nucleotides to free 3`-OH ends of DNA in a template-dependent manner (TUNEL reaction). Briefly, cells were fixed with 4% paraformaldehyde for 1 h, followed by the permeabilization of cells with 0.1% Triton X and 0.1% sodium citrate solution.
After washing the cells with 1 X PBS (pH 7.4), TUNEL reaction mixture was added, and the slides were then incubated for 60 min in the dark in a humidified atmosphere at 37°C. TUNELpositive cells were counted using fluorescence microscopy (Axioplan, Zeiss Germany). The apoptotic cell numbers were scored by counting 3 X 300 cells for each group in a random manner. The experiment was repeated at least three times to ensure reproducibility. 
Measurement of cellular ROS level-Cells

RESULTS p53 Modulates MnSOD Expression-To
determine the role of p53 on MnSOD expression, we expressed p53 in PC-3 cells, which are p53-null. Full-length p53 cDNA was transfected into PC-3 cells at concentrations ranging from 0.05 to 2.0 μg for 48 h and cell extracts were collected to determine the endogenous protein level of MnSOD and p53 by Western blot. The results show that MnSOD levels were increased when low levels of the p53 expression vector were used. However, when the expression of p53 was further increase, the level of MnSOD decreased, as demonstrated by densitometric quantification of multiple Western blots of p53 and MnSOD (Fig. 1A [a-b] ). Consistent with the protein level, the MnSOD activity is significantly increased following p53 over expression at a dose of 0.2 μg, but, MnSOD activity was significantly decreased when p53 concentration is increased by 10-fold (Fig. 1A  [c] ). To determine whether the changes in the MnSOD levels associated with p53 overexpression occur at the transcription level, we determined the MnSOD mRNA level by semiquantitative RT-PCR and real time RT-PCR. MnSOD mRNA levels were increased when 0.1 and 0.2 μg of the p53 expression vector were used (Fig. 1B) . This increase in MnSOD mRNA was lost when the concentration of the plasmid was further increased. Interestingly, while the same trends were observed, the relative fold changes in MnSOD mRNA levels were less obvious when the RNA levels were quantified by the semiquantitative method compared to that obtained from Real-time PCR (Fig. 1B [a-b] versus Fig 1B [c] ). The suppressive effect of p53 was not seen on the mRNA level of p21 or Bax. These results demonstrate the selective bidirectional concentration-dependent effects of p53 on MnSOD expression.
To further verify the observed bi-directional effect of p53 on MnSOD, we generate stable cells expressing p53 under tetracycline-regulated conditions. The expression of p53 was activated by treating the cells with Doxycycline and the expression of p53 increased with increasing concentrations of Doxycycline (Fig. 1C) . Consistent with the transient transfection results, a low level of p53 enhances MnSOD expression, whereas this positive effect was reversed at high levels of p53.
UV-mediated increase in p53 levels alters MnSOD gene expression in vitro and in vivo-To probe whether the bi-directional effect of p53 on MnSOD expression occurs under physiologically relevant conditions, we irradiate JB6 cells, which contain wild-type p53 (23), with UVB-radiation at doses ranging from 12.5 to 200 mJ/cm 2 . Twenty-four hours after UVB exposure, cell extracts were prepared and the protein levels of MnSOD and p53 were determined by Western blot. At low doses of UVB radiation, MnSOD protein levels increased and remained elevated up to 50 mJ/cm 2 ( Fig. 2A  [a-b] ). MnSOD levels dropped down to below the level of the control when the UVB dose was further increased. In contrast to MnSOD, the level of p21, a p53 target gene, increased in a dose-dependent manner. These results support the unique bi-directional effect of p53 on MnSOD expression, which was further verified by the increased in MnSOD level when p53 was suppressed by siRNA ( Fig. 2A [c] ). We also verified the above finding in PC-3 cells (p53 null) by transfecting various levels of p53 expression vector followed by mock exposure or exposure to UVB radiation. Consistent with the results obtained in JB6 cells, the MnSOD levels were increased significantly following UVB radiation alone and suppressed after a high level of p53 expression (Fig. 2B [a-b] ). These results further support the bi-directional effect of p53 on MnSOD expression in cultured cells. To further validate the bi-directional effect of p53 on MnSOD expression in vivo, we expose the skin of wild type B6C3 mice to UVB radiation at doses range from 1 to 25 kJ/m 2 . Twenty-four hour after UVB exposure, skin tissue was harvested, tissue homogenates were prepared and RNA was isolated. The p53 and MnSOD protein levels in tissue homogenates were analyzed by Western blot (Fig. 2C [a] ). UVB radiation dose-dependently increased p53 levels. However, compared to the untreated control, MnSOD levels increased at the UVB dose of 1 kJ/m 2 and reach statistical significance at 2.5 kJ/m 2 , but were reduced when the UVB dose reached 5 kJ/m 2 or higher. The expression level of p53 and MnSOD were confirmed at the mRNA level by RT-PCR (Fig. 2C [b] ). p53-mediated MnSOD transcription is independent of its binding site-Previous studies have suggested that putative p53 binding sites are located in the MnSOD promoter region at 328 bp and 2032 bp upstream to the transcriptional start site (17, 18 ). Therefore, we tested whether the effects of p53 on MnSOD gene transcription is dependent on these putative p53 binding sites by co-transfecting PC-3 cells with the p53-expression vector and various MnSOD promoter (-3400/+24, -555/+24 or -210/+24)-driven luciferase constructs. As shown in Fig. 3A , expression of p53 suppresses the promoter-driven luciferase activity in a dosedependent manner. These results demonstrate that the suppressive effect of p53 on MnSOD promoter activity is independent of the presence of these putative p53 binding sites (Fig. 3A) . Addition of the enhancer element to the MnSOD promoter construct led to the bi-directional effect of p53 as observed with the endogenous MnSOD gene (Fig. 3B) . These results suggest that the positive effect of p53 on MnSOD expression is dependent on the presence of the intronic enhancer element of the MnSOD gene. We have previously demonstrated that the nuclear factor kappa-B (NF-κB) site in this enhancer element is essential for the induction of MnSOD by cytokines and tumor promoters (24) . Therefore, we wanted to determine whether the observed p53-mediated increase in MnSOD transcription is dependent on the NF-κB site. To address this, we mutated the NF-κB site in this enhancer element and determined the reporter gene activity. As shown in Fig. 3 C, mutation of the NF-κB site in the enhancer element abolishes the observed p53-mediated induction of MnSOD gene transcription. These results demonstrate that the NF-κB site in the enhancer element is necessary for p53-mediated induction of MnSOD gene transcription and suggests that members of the NF-κB family may participate in the observed positive effect of p53 on MnSOD expression.
Identification of transcription factors that participate in p53-mediated MnSOD expression-We have previously shown that the presence of Sp1 is essential for the constitutive expression of MnSOD, whereas the presence of NF-κB is essential for the inducible expression of MnSOD (9) . To investigate the mechanism underlying the bi-directional effects of p53 on MnSOD transcription, we transfected 0.2 or 2.0 μg of p53 cDNA into PC-3 cells and determined the nuclear level, as well as the activity level of both NF-κB/p65 and Sp1 by Western blot and EMSA, respectively. Transfection of 0.2 μg of p53 led to an increase in the protein and DNA binding activity of p65 but not of Sp1 (Fig. 4A  [a-e]) . However, an increase in p65 alone was insufficient to overcome the suppressive effects of p53 when it is expressed at a higher level. At these levels of p53, the Sp1 protein level remained unchanged. However, Sp1 binding activity was dose-dependently suppressed with the expression of p53 (Fig. 4A [d-e] ). Similar results were obtained using nuclear extracts isolated from PC3 cells stably expressing p53 under tet-regulation (Fig. 4A [f] ). The nuclear level of Sp1 remained unchanged at all doses of Doxycycline used.
At the 0.5 μg/ml concentration of Doxycycline, the level of p65 protein increased while 5 μg/ml of Doxycycline did not further increase the p65 levels in the nuclear extract (Fig. 4A [f] ). To verify the role of p65 and Sp1, we performed a ChIP assay with antibodies directed against p65 and Sp1. Using purified DNA as the template for the ChIP assay, the enhancer and promoter fragments were detected by a p65 and a Sp1 antibody, respectively ( Fig. 4B [a-d] ). Template DNA obtained from a parallel chromatin immunoprecipitation using non-immune IgG did not yield any PCR products (Fig. 4B) . The amount of DNA used for each sample was verified by PCR amplification of the input controls (Fig. 4B) . The PCR product obtained from the cells transfected with 0.2 μg of p53 showed the highest amount of the enhancer fragment with the p65 antibody. The promoter fragment amplified after p53 over-expression was decreased when the ChIP was preformed with the Sp1 antibody. These results are consistent with the DNA-binding data obtained by EMSA, suggesting that p65 binding to the MnSOD enhancer may contribute to the induction of MnSOD gene transcription. p65 siRNA reduces the positive effect of p53 on MnSOD transcription-To verify the role of p65 on p53-mediated MnSOD transcription, we used a siRNA approach. PC-3 cells were transfected with control siRNA or p65 siRNA with concomitant transfection of low or high amounts of the p53 expression vector. As shown in Figure 5B [a-b], p65 siRNA suppresses p65 protein in the presence or absence of p53. Suppression of endogenous p65 by p65 siRNA had a significant effect on MnSOD expression as measured by MnSODdriven reporter gene activity and MnSOD protein levels (Fig. 5A, B) . Expression of p65 siRNA significantly decreased both basal and p53-induced luciferase activity (Fig. 5A) . Consistent with the luciferase activity data, p65 siRNA also suppresses the MnSOD protein levels without affecting the level of GAPDH (Fig. 5B ). These results demonstrate that the observed p53-induced MnSOD induction is mediated through the presence of p65.
Increased expression of p65 can overcome the suppressive effect of p53 on MnSOD expression when p53 is present at a high level-To validate the ability of p65 to overcome the suppressive effects of p53 on MnSOD gene transcription, PC-3 cells were co-transfected with the MnSOD promoter/enhancer as well as the p65 and p53 expression vectors. The amount of DNA was adjusted to ensure that the same final amount of DNA was used in all samples. Over-expression of p53 and p65 led to increased p53 and p65 protein levels, as shown in Fig. 6 A. As expected, p65 dose-dependently increased MnSOD protein levels. The levels of GAPDH remain unaffected with the over-expression of the expression vectors (Fig. 6B, C) . Consistent with the protein level, MnSOD promoter/enhancer-mediated reporter gene activity was increased with increased levels of p65 while over-expression of p53 alone significantly suppressed MnSOD gene transcription. These results demonstrate that over-expression of p65 can increase MnSOD expression even in the presence of p53. To further verify the effect of p65 on p53-mediated MnSOD transcription, we perform a ChIP assay in the presence of increasing levels of p65. Over-expression of p65 increases p65 levels in the nucleus with or without cotransfection of p53. Expression of p53 also increased p53 levels in the nucleus (Fig. 6C) . Over-expression of p65 increased p65 binding to the enhancer region and the presence of p53 did not interfere with DNA binding of p65 to the MnSOD enhancer (Fig. 6D) .
Knock-down of MnSOD increases ROS production and accelerate apoptosis-To verify
the biological significance of MnSOD suppression, we transfect MnSOD siRNA in PC-3 cells and performed TUNEL assay following UVB radiation. We also measured H 2 DCFDA fluorescence level as a measure of ROS generation. Cells transfected with MnSOD siRNA had a significant increase in H 2 DCFDA fluorescence level (Fig. 7A [c] ), which is consistent with the suppression of MnSOD protein and activity levels (Fig. 7A  [a-b] ). Low levels of UVB radiation alone or suppression of MnSOD alone did not alter the apoptosis level significantly. However, reduction in MnSOD level led to a significant increase in apoptosis upon exposure to low-dose UVB radiation (Fig.  7B ). This result demonstrates that MnSOD deficiency enhances cellular sensitivity to UV radiation.
DISCUSSION
The present study demonstrates the ability of the tumor suppressor p53 to either activate or repress the expression of a single target gene. Previously, we have shown that over-expression of p53 in hepatocellular carcinoma (HepG 2 ) cells harboring wild-type p53 suppresses MnSOD gene transcription by interfering with the positive effect of Sp1 on MnSOD expression (9) . Results from the present study confirm our previous findings and extend them to demonstrate that under appropriate conditions, p53 can also enhance MnSOD expression. We further demonstrate that this bi-directional effect of p53 on MnSOD expression can occur under certain pathological conditions, such as exposure to UVB radiation.
In general, the mechanism by which p53 mediates transcriptional activation of its target gene is dependent on direct DNA-binding to the promoter region. For example, p53 binds to its consensus DNA binding sites and activates transcription of p21, Bax and PUMA (25) (26) (27) . Our finding that p53 can also activate transcription of MnSOD is consistent with the observation reported by Hussain et al. (18) . A computer-based F-match search of the MnSOD gene and published reports suggest that a p53 binding region is located at 328 bp and at 2032 bp upstream of the transcriptional start site in the MnSOD gene (17, 18) . Our results suggest that transcriptional activation of the MnSOD gene is independent of direct binding of p53 with any of these sites because p53 is suppressive to MnSOD gene transcription regardless of the length of the promoter (Fig. 3A) and p53-mediated transactivation of the MnSOD reporter gene occurs only when the intronic enhancer element is present (Fig. 3B) . Interestingly our results also demonstrate that when p53 is express at a high level, it suppresses MnSOD expression even when the enhancer is present.
While expression of p53 exerts a positive effect on nuclear levels of p65, the effect is not dependent on the concentration of p53 but is more effective at relatively low levels of p53. The mechanism by which p53 caused an increase in p65 binding activity is unclear. The induction of MnSOD transcription in response to the activation of NF-κB is well documented (19, 24, 28) . In fact, we have previously shown that the NF-κB site in the enhancer element of the MnSOD gene is essential for the induction of MnSOD by tumor promoters and cytokines (24) . Therefore, it is possible that over-expression of p53 creates a stress-like condition which, in turn increases the response of NF-κB (a stressresponsive transcription factor).
p53 is a versatile transcription factor that has been linked to other transcription factors, including NF-κB and Sp1, by virtue of its structure and amino-acid composition. NF-κB is an important modulator of p53 transcriptional activity and vice-versa. Thus, cross-talk between p53 and NF-κB exist. However, the contribution of NF-κB to cell fate by antagonizing or cooperating with p53 is complex (29) . NF-κB competes with p53 for co-activators, such as p300 and CBP. CBP/p300 are functional integrators of multiple signal transduction pathways and many diverse transcriptional factors compete with each other to interact with a limited pool of CBP/p300 within the cell (30, 31) . Thus the relative contribution of p53 or p65 in the transcriptional regulation of a target gene depends on the recruitment of co-activator such as CEBP/p300. Huang et al. showed that p300/CBP directly binds preferentially to NF-κB, but not p53, thereby favoring proliferation and survival over p53-dependent apoptosis (32) . Thus, p300-mediated cell fate is related to its binding preference for NF-κB (33) . We found that p53 over-expression increases the DNA binding activity of NF-κB (Fig. 4) . The increase in MnSOD transcription mediated by p53 was completely abolished after the suppression of p65 (Fig. 5) or mutation of the NF-κB binding site in the enhancer element (Fig. 3) . These data suggest that p53 exerts its positive effect on MnSOD by increasing NF-κB binding to the recognition site. This possibility is consistent with our previous studies demonstrating that NF-κB is essential for the induction of MnSOD (19, 24) .
The finding that high levels p53 suppress MnSOD transcription confirms our previous observation that p53 represses MnSOD transcription (9) . Various mechanisms have been proposed for p53-mediated transcriptional repression, including interfering with transcription initiation (34) , binding of the p53 response element (35) , and forming complexes with other proteins (36) . An additional mechanism, predicted by the recruitment inhibition model, involves p53 interacting with activators at the promoter level and then interfering with the function of the activator by forming of a complex leading to the suppression of gene transcription (37) . Our previous study demonstrated that p53 forms complexes with Sp1 and then suppress MnSOD expression (9) . Others have shown that p53-dependent suppression involves p53 interfering with basal transcription machinery outside of gene-specific activators and the binding site (38) . Reports have also indicated that p53-dependent suppression involves the alteration of chromatin structure and recruitment of proteins to the promoter (39) . Our results indicate that high levels of p65 are required to overcome the suppressive effects of p53 on MnSOD gene expression. Our EMSA data showed that overexpression of p53 dose-dependently displaces Sp1 from its binding sites on the MnSOD promoter without affecting the protein level of Sp1. These results are consistent with the data obtained from a combined ChIP assay and are again supportive of the notion that high levels of p53 significantly affects Sp1 binding to the promoter (Fig. 4 B[b] ). Our results are consistent with the possibility that low p53 levels favor cell survival by increasing MnSOD expression, whereas higher p53 levels may override this pathway and trigger p53-mediated apoptosis by reducing pro-survival genes, such as MnSOD. It has also been demonstrated that suppression of MnSOD is directly implicated in excessive production of reactive oxygen species (ROS) and mitochondrial injury (40) .Our findings, which demonstrate that suppression of MnSOD increases ROS production, are consistent with this previous observation and extend to demonstrate that suppression of MnSOD sensitizes cells to low doses of UVB radiation that do not cause apoptosis. Low-dose UVB irradiation has been reported to trigger a protective effect via the p53-dependent gene activation program leading to increased cell survival of human keratinocyte (41) . Our data demonstrate that the low level of stress produce by a low-dose of UVB exposure increases MnSOD expression, while expression of MnSOD was significantly suppressed upon high-dose UVB exposure and is correlated with the higher level of p53 induction caused by high-dose UVB exposure (Fig. 2) .
Overall our data demonstrate that p53 can both activate and repress a single gene. The interplay between the enhancer and promoter binding proteins determine the transactivation or transrepression role of p53 on MnSOD gene transcription. These findings are very interesting and biologically relevant. The bi-directional function of p53 may contribute to the cellular decision to survive or die by transactivating or transrepressing a single gene, such as MnSOD.
GAPDH were detected by Western blot. Densitometry of the p53 and the MnSOD band intensities were normalized against GAPDH and graphed as a function of UVB dose. (b) Total RNA was isolated and the level of p53, MnSOD and GAPDH mRNA was detected by RT-PCR. p53 and MnSOD mRNA bands were determined by densitometry and normalized to GAPDH, which was used as a loading control. Each data point represents the mean ± SD of four to five individual animals in each group. Significant differences from the control are indicated, *p<0.05 and *p<0.01. Nuclear extracts were prepared and purified following transfection of a p53 expression vector into PC-3 cells (a) Western blot analysis of p53, p65, and Sp1 was performed using nuclear extracts. The same membrane was reprobed with a GAPDH antibody as the loading control. (b), triplicate data sets are densitometrically scanned and normalized with GAPDH as loading control. Each data point represents the mean ± SD of three independent samples. Significant differences from the control are indicated, *p<0.05. (c) EMSA was performed with an NF-κB probe as described in the Experimental Procedures. For supershift experiments, EMSA reaction mixtures were incubated with 1 μg of an antibody specific for p65. The arrows point to protein-DNA complexes and supershift complexes. (d) EMSA was performed with a Sp1 probe from the same nuclear extracts as described in (d) and DNA-protein complexes were supershifted by incubating with 1 μg of the Sp1 antibody. The protein-DNA complexes and supershift complexes are indicated by arrows. (e) DNA-protein complex bands were densitometrically scanned and graphed as a function p53 concentration. Significant differences from the control are indicated, *p<0.05. (f) Nuclear extracts were also prepared and purified from tetracycline-regulated p53 stable cells. Nuclear levels of p53, p65, and Sp1 were detected by Western blot following Doxycycline treatment. The same membrane was reprobed with a GAPDH antibody as a loading control. B. The binding of transcription factors to the enhancer or promoter region of the MnSOD gene was evaluated by a ChIP assay after transfection with p53 as described under the Experimental Procedures. Chromatins were immunoprecipitated by p65 and Sp1 antibodies or an IgG control. (a) the p65-immunoprecipitated DNA was amplified by PCR using primers targeted to the enhancer element (1742 to 2083). (b), The PCR bands of enhancer fragment were densitometrically scanned and normalized with input control. Each data point represents the mean ± SD of three independent samples. Significant differences from the control are indicated, *p<0.05. (c) The Sp1-immunoprecipitated DNA was amplified by PCR using primers targeted to the promoter region (-154 to -6). DNA amplified by PCR from the corresponding samples without chromatin immunoprecipitation was used as an input control. (d), the PCR bands of promoter fragment were densitometrically scanned and normalized with input control. Each data point represents the mean ± SD of three independent samples. Significant differences from the control are indicated, *p<0.05. Forty-eight hours after transfection, cell lysates were prepared. A. Luciferase activity was used to estimate MnSOD gene transcription. B. (a), the endogenous level of MnSOD protein was detected by Western blot using an antibody specific to MnSOD. The suppression of p65 protein by p65 siRNA and the increase in p53 protein after transfection of the p53 expression vector were determined by reprobing the membrane and subsequent Western blotting with a p65 or a p53 antibody, respectively. The same membrane was reprobed with a GAPDH antibody to assess the loading. (b), the Western blot bands were densitometrically scanned and normalized with GAPDH. Each data point represents the mean ± SD of three independent set of experiments. Significant differences from the control are indicated, *p<0.05. Figure 6 . Over-expression p65 overrides the negative effect of p53 on MnSOD-PC-3 cells were transfected with either pcDNA3.1 or pcDNA3.1/p65 along with the MnSOD promoter (-555 to +24)/enhancer-driven luciferase reporter vectors and a high concentration of the p53 expression vector. Forty-eight hours after transfection, cell lysates and nuclear extracts were prepared. A. Cell lysates were used to measure the luciferase activity. B. (a), the endogenous level of MnSOD protein was detected by Western blot of the cell lysate. Over-expression of p65 was detected by reprobing the membrane with a p65 antibody. The same membrane was reprobed with a GAPDH antibody to assess loading. (b), the band intensities of p65 and MnSOD were normalized with GAPDH. Each data point represents the mean ± SD of three independent set of experiments. Significant differences from the respective control group are indicated, *p<0.05 and **p<0.01. C. The nuclear level of p65 and p53 was determined by Western blot following transfection with p65 and p53. The same membrane was reprobed with a GAPDH antibody that was used as a loading control. D. A ChIP assay was carried out as described in the Experimental Procedure. DNA precipitate PC-3d by a p65 antibody was analyzed by PCR using primers specific to the MnSOD enhancer element (1742 to 2083). 
